Combined microscopies study of the C-contamination induced by extreme-ultraviolet radiation: A surface-dependent secondary-electron-based model S. Prezioso SiO 2 and Al 2 O 3 surfaces exposed to periodically modulated extreme ultraviolet (EUV) light (k ¼ 46.9 nm) have been investigated at the lm scale by optical microscopy, scanning electron microscopy, scanning Auger microscopy, atomic force microscopy, and Kelvin probe force microscopy. The formation of a carbon contamination layer preserving the same periodical modulation of the EUV dose has been observed. The mechanisms of hydrocarbon molecules deposition have been studied with the help of correlation plots between the modulated Auger signal and the corresponding EUV dose. A surface-dependent secondary-electron-based model has been proposed. Carbon contamination is an undesired effect occurring in several experiments where residual hydrocarbons are dissociated by photons, electrons, or ions and, then, adsorbed on the exposed surfaces, [1] [2] [3] including those exploiting the high radiation fluxes of next-generation x-ray facilities 4 and the core processes of extreme-ultraviolet (EUV) nextgeneration lithography. 5 The effects on EUV optics and masks have been studied in terms of performance degradation. 6, 7 The contamination layers have been characterized by Auger depth profiling analysis, 8 x-ray absorption spectroscopy, 9 ellipsometry, 10 x-ray photoelectron spectroscopy, and Auger electron spectroscopy. 11, 12 Here we propose a local investigation method exploiting the periodic patterning at the lm scale of the contamination layers induced on pristine oxide surfaces by EUV interference lithography. The method has been tested on SiO 2 ) by Lloyd's interferometry. In the Lloyd's configuration, half of the laser beam grazes the mirror (0.5 nm RMS Si) at an angle h and interferes with the undeflected one ( Fig. 1(e) ), forming patterns with period p ¼ k=ð2sinhÞ.
13,14 The exposed surfaces have been observed by optical microscopy (OM) (OLYMPUS BH2-UMA) and scanning electron microscopy (SEM) (ZEISS-GEMINI LEO 1530). Carbon maps (10 Â 10 lm) have been obtained by scanning Auger microscopy (SAM) (PHI AUGER 700). The C1s peak has been monitored by x-ray photoemission spectroscopy (XPS) (PHI ESCA 5600, Al source, 46.95 eV pass energy). Topographic and surface potential maps have been obtained, respectively, by tapping mode atomic force microscopy (AFM) and lift mode Kelvin probe force microscopy (KPFM) (Brüker Microscope Multimode with Extender Electronics module). 
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KPFM has been performed setting the period to 5 lm, the modulation amplitude of the surface potential being maximized by this choice. 18 A 30 6 5 mV peak-to-valley height has been measured in the case of SiO 2 while no modulation has been observed in the case of Al 2 O 3 . Both KPFM and AFM images of SiO 2 are reported in Fig. 3 as well as the corresponding profiles (insets) (a 4 6 1 Å peak-to-valley topographic modulation has been measured).
The opposite response of SiO 2 and Al 2 O 3 surfaces to KPFM investigation can be explained on the basis of a substrate-dependent dipole interaction between the oxide surface and the deposited hydrocarbon molecules influencing the work function of the contamination layer. 19 Such a dipole interaction is absent in the case of Al 2 O 3 while it induces a dipole moment orientation through the volume of the contamination layer in the case of SiO 2 , originating the thickness-dependent signal measured by KPFM (observed also elsewhere 19 ). The dipole interaction between the substrate and the contamination layer is at the basis of the difference of growth rate observed between SiO 2 and Al 2 O 3 . In fact, despite the low level of reproducibility of the contamination conditions (a problem affecting also all the other experiments performed in the past), Al 2 O 3 surfaces have been found to be systematically more contaminated than the SiO 2 ones, the thickness modulation measured by AFM ranging in the order of few nm's for Al 2 O 3 and few Å 's for SiO 2 . This behavior can be explained assuming that the secondary electrons generated by the EUV flux (and not the EUV radiation itself) are responsible for the majority of the contamination (as believed by many authors 20, 21 ) and that the contamination layer becomes a barrier for such electrons when its molecules are induced to form a structure of stacked oriented dipoles. According to this picture, a significant fraction of secondary electrons back-emitted from the SiO 2 substrate is stopped by the growing contamination layer, whose growth is in this way slowed down.
A simple way to model this effect is by considering the attenuation of photoelectrons as an absorption process obeying the law I e ¼ I 0 e e Àad , where I e and I 0 e are, respectively, the number of electrons per unit time emerging from the surface (after attenuation) and emitted from the substrate (before attenuation), d the thickness of the contamination layer, and a the absorption constant. Since we have assumed that the secondary electrons are responsible for the majority of the contamination, at a first approximation (i.e., neglecting the effects of EUV radiation) the rate dC/dt of residual hydrocarbons broken by the back-emitted electrons is proportional to I e . Assuming that the amount C z ðtÞ of carbonbased molecules stacked at the time t along the z-axis perpendicular to the sample surface is a fraction f of the hydrocarbons that have been broken up to that time (i.e., C z ðtÞ ¼ fCðtÞ) and considering that d can be written as C z =k z (with k z the linear density of hydrocarbon molecules of the contamination layer along the z-axis), the proportionality law dC=dt / I e is equivalent to the differential equation
admitting a solution of the form CðtÞ / lnðtÞ. When the dipole interaction is absent, the absorption constant a is much smaller. At a first approximation, we can consider a $ 0, which means that the electromagnetic interaction between the photoelectrons and the contamination layer is on average zero (this is reasonably true for thin layers, i.e., few nm's thick, that is our case). According to this approximation, I e is constant. As a consequence, dC/dt is a constant as well and CðtÞ / t.
According to the assumption that C z ðtÞ ¼ fCðtÞ, the solutions above obtained for C(t) are valid for C z ðtÞ as well, namely, C z ðtÞ / lnðtÞ (dipole case) and C z ðtÞ / t (non-dipole case). In both cases the trend describes a growth of the contamination layer that is somehow limited, the rate of growth dC z =dt decreasing or-at most-being constant with time. An effect of super-linear growth reported for analogous systems in the literature 22 has also to be taken into account. Such an effect is merely observed but neither discussed nor described. Here, we ascribe it to the tendency of the deposited hydrocarbon molecules to be attracted to each other because they become reactive as a consequence of the secondary electron assisted breaking. A simple way to model this phenomenon is by assuming that the growth rate dC z =dt is proportional to the amount C z of already deposited hydrocarbons
Equation (2), if solved, gives an exponential law. Generally speaking, an exponential growth in a finite environment has no physical meaning unless it is considered as a second order effect that corrects the main trend. Using again the assumption that C z ðtÞ ¼ fCðtÞ, we can relate the growth rate dC z =dt directly to the source of contamination C(t), here seen as the amount of broken hydrocarbons that can potentially contaminate the surface of our samples. Using the explicit time dependence of C(t) (obtained from Eq. (1)) we have C z ðtÞ / tðlnðtÞ À 1Þ $ t
when CðtÞ / lnðtÞ, i.e., when the dipole interaction is present (case of SiO 2 ), and
when CðtÞ / t, i.e., when the dipole interaction is absent (case of Al 2 O 3 ). Experimental evidence of Eqs. (3) and (4) is given in Fig. 4 , where we have correlated the modulated Auger signal (Fig. 2) with the corresponding EUV dose, the SAM intensity being a measure of C z and the dose being a measure of the exposure time (at a fixed EUV flux). The values of the EUV dose reported along the x-axis have been extrapolated from the typical cos 2 shape characterizing the dose profile of a generic self-interfering light beam in a Lloyd's configuration. In particular the period of the cos 2 shape has been tuned with the one of the SAM profile, the amplitude normalized to the peak-to-valley height of the SAM signal modulation, and the offset-surely present in the real EUV dose profile due to the contribution of the incoherent component of the laser beam-neglected to isolate the contribution of the coherent component (i.e., the one producing the interference patterns). It is important to note that the corrected expressions of C z ðtÞ (Eqs. (3) and (4) ), contrarily to the uncorrected ones, depart from C(t) by a factor t. This means that the assumption C z ðtÞ ¼ fCðtÞ with f constant is no more strictly valid, it being satisfied if both C z ðtÞ and C(t) have the same time dependence. Nevertheless, this assumption is reasonable. In order to preserve it we can assume that the factor f increases with time as f ðtÞ $ t. This latter assumption is not simply a result of speculation, but it suggests that the contamination process becomes more and more effective as the EUV dose is increased. The error that is introduced if one considers f as a constant instead of time dependent is $10% in the range of the EUV doses we have used in our experiments. This means that our model can be considered rigorously formulated even if we start from an assumption (f constant) that we correct at the end of the formulation itself. Our approach simplifies the calculations (Eq. (1) can be easily solved only if f is considered as a constant), but, what is more is it emphasizes the physical meaning of each equation, assumption, and the time dependence of f(t).
In conclusion, we have proposed a simple, rapid, efficient, and general method to study the carbon contamination of surfaces exposed to EUV radiation. With this method we have been able to model the growth rate of the contamination layer and to illustrate the role of secondary electrons. We have also shown a posteriori the way to identify the presence of a dipole interaction between the surfaces and the contamination layer, by simply discerning accelerations of the growth rate and hence the attitude of the surfaces to be contaminated.
